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SUMMARY

of severalprotectivecoatingsa~pliedto air-cooled
bladesofnonstrategicsteels(W 4130andTimken

17-22A(S))wereinvestigatedinmodifiedturbojetengines.Fourtypes
of coatings,ceramic,nickel,Nicrobraz,andaluminized(diffusedalu-
minum),wereappliedtoa totalof 20blades.Coatingswereendurance-
testedforextendedperiodsat themaximunratedspeedandturbineinleti
temperatureoftheengineused. Continuousoperationattheseconditions
islimitedtohalf-hourperiodsin service.

.
Ceramic,aluminized,Nicrobraz,anda combinationofnickeland

Nicrobrazcoatingseachprovidedsatisfactorycorrosionanderosion
protectiontoatleastonebladefor100hourswithratiosofcooling-
airtoconibustion-gasflowbetween0.030and0.048.Aluminizinggave
excellentprotection,whileoneceramiccoatingprovidedexcellentpro-
tectionanddemonstratedtheabilitytopreventcorrosioneventhough
thecoatingwasseverelychipped.Chemicallydepositednickelgave
adequateprotectionin thecoolermidchordregionsof theblade.Nickel
overa Nicrobrazundercoatinggaveexcellentprotectionoverthemost
difficlil.tofallregions,thatis, the leating edge. Nicrobraz pro-
videdexcellentprotectionovertheentireblade.

INTRODW!TION

TurbinecoolingresearchbeingconductedbytheNACALewislabora-
toryincludeswnrkdirectedtowardthedevelopmentof air-cooledturbine
rotorbladesofnonstrategicmetalsthatcanbe operatedin turbojet
enginesatpresent-dayor slightlyhighergas-temperaturelevels.The*
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coolingeffectiveness,ofeachofa varietyofair-cooledturbineblades
hasbeeninvestigatedM turbojetenginesthatweremodifiedto acco~o-
dateeithertwoorfourair-cooledblades(refs.1 to 7). Theseinves-
tigationsIndicatedthatbladesofnonstrategicmetalscanbe cooled
sufficientlyatratiosofcoolantflowto-combustion-gasflowof.0.02
to 0.05tomaketheirusefeasibleatpresent-dayoperatingconditions.
Endurancerunningof12bladesofSAE4130orThken 17-22A(S)steels
(roughly97and96percentiron,respectively)(ref.8) showedthese
bladesto be capableofextendedoperation-atcurrentgastemperature
leve1s. However,corrosionofthebladeShellbec~ evidentwithin
5 hoursendlimitedexperimentalbladelifetoroughly50hoursatmax-
imumenginespeedandgastemperature,thusemphasizingtheneedfor
theinhibitionofcorrosion.

‘
—
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Preliminaryenduranceinvestigations.ina turbojetengineofnic_kel.. . .__=
andceramiccoatingsonbladesofnonstrategicmetals(ref.9) indicated
thatnickelprovidedadequatecorrosionpr.otectionoverthemajorlor~ions =
of suchbladesforabout25hoursatratedmaximumturbinespeedandinlet
gastemperaturebutwouldnotprotecttheleadingedgeformorethan

—-.-.
10hours.Thetwoceramiccoatingsinvestigateddidnotprovideprotec- ~ ~~~
tionforeven5 hours. .——-—-——

Thisreport.concernsitselfwiththeendurancetestingof fourprom- ● .:
isingtypesof corrosion-resistantcoatings.Ceramic,nickel,aluminized~_-”““_
andNicrobrazcoatingswereappliedtobladeshellsof eitherW 4130or .. ._
Timken17-22A(S)steelanda totalof 20bladeswasrunat themaximum a
ratedenginespeedof11,500rpm(1300ft/sectipspeed)titha constant._ _ ‘=
turbineiril.ettemperatureofapproximately_1670°F. Theratioof coolant.____
flowto-combustion-gasflowperblade(hereinaftercalledcoolant-flow
ratio)wasmaintainedconstant,usuallyat 0.048,although,ina few -——
cases,flowratiosof0,038and0.030wereused.

Thegoaloftheendurancetestswasarbitr~ilysetat 100hoursat
..—

maximumratedconditionsinviewofthelackofanystandardtestfor
.—

coatedbladelife. Innormalflightservice,theenginemaynotbe su.-
jectedcontinuouslytomaximumratedspeed(anditsattendantgastem-

—

perature)formorethan30minutesata t@e.

Forconvenience,theresultsofthepreviouspreliminaryinvesti-
—

gationofninecoatednonstrategicblades(ref.9)aresummar
—

izedin .._
thisreport. --

——-

—

*-

M.kxia
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forniaMetalEnamelingCompany,TheValorizingCompany,theFerroCor-
poration,theResearchLaboratoriesDivisionofGeneralMotorsCorpora-
tion,andtheSolarAircraftCompanyin theapplicationof varioustypes
of coatingsto theair-cooledturbineblades.

COATINGS

GeneralRequirements

A protectivecoatingforapplicationtoair-coolednonstrategic
turbinebladesmustbe abletowithstandthecorrosiveanderosive
actionof thehigh-temperature,high-velocityconibustion-gasstreamto
whichthebladesaresubjectedina turbojetengine.Anyprotective
coatingappliedto sucha blademustadherewelltothebladetien
operatingathightemperaturesundertheinfluenceofhighcentrifugal
forces.Thecoatingmustbe abletowithstandthethermalshocksto
whichtheturbinebladeis subjectedduringthestartingandstopping
of theengineandtherapidchangesinbladetemperaturethatmayoccur
duringothertransientconditionsthatareincidenttonormalengine
operation.Thecoefficientof thermalexpansionof thecoatingmustbe
sufficientlyclosetothatof theblademetalovera rangeof tempera-
turestopreventspal.lingandflakingof thecoating.Thecoatingmust
havesufficientductilitytowithstandthevibrationandtheelongation
of theturbinebladethatoccurduringengineo~eration.Thecoating
shouldbe capableofwithstandingnormalhandling.Itspresenceon the
bladesurfaceshouldnotseriouslyaffectthetensileorfatiguestrength
of thebladeshell.Itsapplicationshouldnotadverselyaffector
restricttheheat-treatmentproceduresthatarerequiredto developthe
necessaryphysicalpropertiesof theblademetal.N isalsodesirable
thatthecoatingprotectthewallsof thecoolantpassagesaswellas
theoutersurfaceof theblade.

Althoughthemetalshellofan air-cooledturbinebladeiscon-
siderablycoolerthantheccmibustiongas,thetemperaturelevelisstill
relativelyhigh. Experimentalchordwisetemperatured3.stributionsin
theshe3J.sof air-cooledturbinebl.adesofprofilesAandB (seefig.1)
forcoolant-flowratiosof 0.05and0.03areshowninfigure2. Although
thesetemperaturedistributionswereobtainedforspecificair-cooled
bladesoperatingina particularturbojetengine,theyareindicative
of thetemperaturelevelsatwhichmetalsandcoatingsforforced-
convectionair-cooledturbinebladesmightoperateinpresent-dayturbo-
jetengines.Itmaybe seenthatleadingandtrailingedgesoperateat
temperaturesashighas1200°F, whilethemidchordregionsare200°to
300°F cooler.

—
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Thebladetemperaturesshowninfigure.%forprofileB aresomewh%”
.

higherthanthosereportedinreference9 forthesameprofile.The .- .—
valuesoffigure2--arebasedonmorecomprehensiveexperimentaldata.

— .-
-.—

TypesofCoating6. .—.——

In thisinvestigation,nonstrategicair-cooledturbinebladeswere _-—
coatedwithceramics,nickel,orNicrobrazwhileotherswerealuminized.

%A briefsummaryof thereasonsforselectingthesecoatingsforapplicz:– .. m
tiontocooledturbinebladesandof thegeneralproceduresinvolvediu_ _.-“N “:
applyingthecoatingsisgiveninthefollowingparagraphs.

Ceramiccoatings.- Thesuccessfuluseof ceramiccoatingsto -. _ ..==
inhibitcorrosioninnumeroushigh-temperatureal???licationsinorderto ~ --<
prolonglifeand/ortoreducethestrategicmetalcontentledto the
considerationof suchcoatingsforair-coolednonstrategicturbineblades. ““-~

Inadditiontothegeneralrequirements.outlinsdWeviouslY~a .

ceramiccoatingshouldbe as thinaspracticalinordertokeeptheshear~“-.. ,-_
stressesat thebondingsurfacetoa minimm.andtoobtaini~roved .-

resistancetothermalshock.Thincoatingsalsoshowlesssusceptibil-..
itytochippingthzcmghmishandling(ref.10).

.
— 8

Inpreparingceramicsforcoatings,theQroperproportionsof _
materials(generallymetaloxidesandfluxingagents)arefusedand
quenchedinwater.Theresultingsubstances,alongtithadditionsmad~
tocontrolcertainphysicalproperties,aregroundinliquid(usually
water)andappliedtothemetalsurfacesby sprayingor dipping.The
coating,whichmaybe as thinas 0.001to0.002inch,isdriedat 200°.
to 250°F andthenfired.Firingtemperaturesvarywidely;at thehigher
temperaturesmetallurgicaleffectsuponthe_rnetalbeingcoatedmustbe,
consideredwhenstress-rupturepropertiesareimportant.Coatingthe>.—.
interiorsurfacesofrestrictedregionswithceramicpresentsdifficul-
tieswhichmustbe consideredcarefully,particularlyincasessuchas
thebladesofthepresentinvestigationwhereblockageof thecooling-
airpassagesisintolerable.

Nickelcoatings.- Formanyyearsferrousmetalshavebeensuccess-
fullyprotectedfromcorrosionby platingwithvariouscorrosion-
resistantmetalssuchasnickel,chromium,silver,andcadmium.The
platingmaterialuseddependsgreatlyupontheenvironmentandservice...
towhichtheplatedpartwillbe exposed.Of themorecorrosion-
resistantmetals,nickelisoneofthemostcomnonappliedto steel“and
appearstobe wellsuitedforuseon turbineblades.Forapplyingnickel
coatingstotheexperimentalblades,chemicaldepositionwasselected@
preferencetoelectroplatingfortworeasons_:first,electroplatiu
willnotcoattheinnerheat-transfersurfacesof theblades,and

—
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second,settingup equipmentto coatsmallnumbersofbladesis simpler
forthechemicalprocess.Thehardnessof chemicallydepositednickel
isgreaterthanthatof electrodepositednickel.As applied,the
chemicallydepositednickelisbrittlebutuponheatingbecomesductile
and,at thesametime,increasesinhardness(ref.il.).

Thechemicaldepositionmethodinvolvesdippingthebladeinan
acidsolutioncontainingnickelchlorideornickelsulfateandother
chemicals.TableI sumarizesthecompositionof thetwoacid-nickel
bathsusedinplatingbladesforthisinvestigation.Thesolutionis
generallymaintainedinthetemperaturerangeof 150°to 200°F. The
relativelylowtemperatureof thesolutioninno wayinfluencestheheat
treatmentthatmayhavebeengiventhebladepriorto theplatingpro-
cess. Thetimerequiredtoforma coating0.001to0.0015inchthick
isoftheorderof1 to4 hours.ReferenceU givesa detailedaccount
ofthemethodsandproceduresinvolvedinapplyingchemicallydeposited
nickeltosteel.

Nicrobrazcoatings.- Nicrobrazisthetrademe of a commerical
brazingcompoundcomyosedof about72.3percentnickel,15percent
chromium,3.75percentboron,4.5percentsilicon,4.0percentiron,
‘and0.45percentcarbon.Itproducesa hard,corrosion-resistantcoat-
ingwhenfusedandcooled.Itssuccessfuluseinbrazingthebladeshell. to thebaseandtheobservationof itssubsequentbehaviorin serviceled
to itstrialas a coating.

Inorderto coata steelsurface,Nicrobrazinpowderformmaybe
suspendedina 10percentcalciumchloridesolution,brushedon the
surface,andallowedtodry. Whenheatedina dryhydrogenatmosphere
toa temperatureof about2075°F, theNicrobrazwillfuseto thesur-
facetoforma hardcontinuouslayer.

Aluminizedcoatings.- Aluminumcoatingshavebeenusedformany
yearstoprotectlowalloysteelsfromcorrosion(ref.12,pp.703-704
andref.13,pp.704-705).Thealuminummaybe eitherin theformof
a coatingof thepuremetalor as an alloyedaluminum-ironlayervary-
ingfroma fewthousandthsofan inchtomorethan0.050inchin thick-
ness.Thismethodofprotectionisknownas aluminizing.Usually
aluminizedpartsarelimitedtooperatingtemperaturesof about1500°F,
butshort-timeserviceup to 1750°F hasbeenobtained(ref.12).

Therearetwogeneralmethodsby whichsteelsarealuminized,
namely,the“pack”processandthe“dip”process.Boththeseprocesses

. wereusedtoaluminizeturbinebladesforthisinvestigation.Theimpor-
tantfeaturesof eachmethodaresummarizedinthefollowingparagraphs.

.
Packprocess:Inthepackprocesstheparttobe aluminizedis

packedina boxcontainingpowderedaluminumanda smallamountofL



6 NACARME53E18

ammoniumchloride.Theboxisthensealedgas-tightandheatedtoa tem-
peratureof 1500°to1800°F forabout6 to24.hours.Thisprocess
impregnates.thesurfacelayerofthemetalwithaluminumandalsoimparta
a heattreatmenttotheparentmetal.Thetemperature-timerelationfor
thealuminizingprocessdependsuponthesizeof thepartandtheamount
ofaluminumpenetrationdesired.Thedepthof.aluminumpenetrationcan
be variedas desired;valuesusuallyrangefrom0.005to0.040inch.The
surfacelayerof iron-aluminumalloyusuallyco-ntainsabout25percent
aluminum,whichresultsingoodresistanceto.heatandcorrosionandalso-
exhibitsgoodtoughnessandductilitycharacteristics.A moredetailed
accountof thepackprocessisgiveninreference12,

Dipprocess:Inthedipprocessthepart__tobe aluminizedis
cleaned,dippedinmoltenaluminumfora contrd.ledtime,and,ifdesire{,
suitablyheattreatedtopermitdiffusionof thealuminumintothesteel.
Forpartsthataretooperateat temperatures~ceeding1000°F thetime--
andtemperatureof thealuminumdipmustbe closelycontrolled(ref.14).
Diptemperaturesareof theorderof1300°F anddipperiodsrangefrom -..
15 secondsto6 minutes(ref.14). Theiron-aluminumalloyformedduring-
theimmersionof thesteelinmoltenaluminumis extremelyhardand
brittleandcontainsabout55percentaluminumi.Inorder,todevelopa
surfacelayerthatis softerandlessbrittlea“ndthatresistsspalling
andcracking,a diffusionheattreatmentisgivenafterthedipping.The
diffusionheattreatmentiscarriedoutata temperatureofabout1800°F
fortimesvaryingfrom1 to 6 hours.Theexactdiffusionheat-treatment.._
timerequireddependsuponthechemi,calcontentof thesteelandthe
dippingtimeinthemoltenaluminum.Reference’14 describesa patented~
commericalaluminum-dipprocess. ..—

Boththepackpr”~cessandthedipprocess.,.~nvolveheatingof the ...
aluminizedpartforextendedperiodsof timeat temperaturesof1500°
to1800°F, whichmayadverselyaffectthephysicalpropertiesof the _
parentmetalforturbinebladeap-plication.Theinteriorsurfacesof ..
theblademaybe aluminizedby eitherprocess.: .

APPARATUSANDINSTRUMENTATION

PreparationofCoatedAir-CooledBlades

Bladeconstruction.- Allthecoatedair-cooledturbineblades
reportedhereinwereof theshell-supportedtypewheretheloadis
carriedby thebladeshell,Thespanwas4 inchesandthechord,approx-:

imatelyl;inches.Allthebladeswerenontwi.stedexceptblade4,which
wasgivena twisttoapproximatethatof theu~cooledblades.Theshells
ofallbladesexceptblade1 wereformedby contourpressingseamless
tapered-walltubesintothedesiredairfoilshape;blade1 wascast. The
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shellmaterialusedin thesebladeswaseitherSAE4130or Timken
17-22A(S)steel.Thesesteelswereselectedbecausestress-rupturedata
forthemetaltemperaturerangeinwhichtheseair-cooledbladeswereto
operateindicatedthatthesemetalsWerebestsuitedof thereadilyavaila-
ble nonstrategicsteels.Ml thebladebasesweremadeof castW 4130
steel.TableII indicatestheshellmaterialof eachblade.

Theinternalheat-transferareasof au bladeswereincreasedby
NOJ brazingmildsteeltubesto theinnersurfacesof theshells,as shown
8 infigure1. Copperwasusedas a brazematerialforallbladesexcept

numbers26 through29;Nicrobrazwassubstitutedinthesebladesbecause
copperwouldbe attackedby moltenaluminumduringthealuminizing
process.

.-

Bladefabricationproceduresarediscussedin detailinreference15.

Thethreebladeprofilesusedinthisinvestigationareshownin
figure1. Therootprofilesarethesameas thetip,exceptfora slight
changeintheoutsidecontourbecauseof thetaperedwallof theshell.
ProfilesA andB (figs.l(a)andl(b),respectively)wereobtainedby
formingtheshe31s,andprofileC (fig.l(c))wasobtainedby casting.
ProfilesA andC areessentiallythesameandarenearlyequivalentto
therootprofileof thestandarduncooledturbinebladeusedinthetest.
engine.ProfileB wasan airfoilsectionwhichwasdesignedtooperate
ina completelyair-cooledturbinerotorwithtwistedstatorblades.
TableII indicatestheprofileof eachblade.Thevariousbladesused
wereselectedbecausetheywerereadilyavailablefromotherinvestiga-
tionsandtherebyreducedthetimerequiredtoprepareforthecoating
investigateion.

Bladecoatingsandheattreatments.- Thecoatingsandheattreat-
mentsappliedto theindividualexperimentalbladesfollow.Heattreat-
mentsw&e selectedon thebasisof availabledatato obtainthebest
stress-rupturepropertiesofthemetalusedandweremodifiedas addi-
tionaldataandoperatingexperienceweregained.

Ceramic-coatedblades:Fivee~erimentalbladeswereceramiccoated
forthisinvestigationby commercialconcerns;thecompositionsof the
coatingsandthedetailsof theirapplicationwereconsideredproprietary
informationandwerenotrevealed.Blades1 and2 (blades7 and8 of
ref.9)werecoatedwitha modificationofNationalBureauofStandards’
A-19coatingandwerenotheat-treatedforfearof damagingthecoat-
ings.Blade3 wascoatedwithSolaramic8042/3FEandsubsequentlyheat
treatedas indicatedin tablesIIandIIIby theNACAafterconsultation
withthecoatingvendoras to thelimitationsimposedby theceramic.*

.
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Blades4 and5 werecoatedwithanothermodificationofNBSA-19coating
andheattreatedas indicatedintablesIIandIII. Allceramiccoatings
wereappliedtoonlytheoutsidesurfacesof thebladeshell.

Nickel-coatedblades:Nickelcoatingswereappliedtoblades6
through11by theNACAusingsolution1 of tableI andtoblades12
through15by a commercialconcernusingsolution2 of tableI. No dif-
ferenceinthecoatingswasnoted.Theinnersurfacesof theblades
werenickelcoatedineachcase.Allbladeswereheattreatedas indi-
catedintablesIIandIIIpriortocoating.

Nickel-andNicrobraz-coatedblades:A combinationnickeland
Nicrobrazcoatingwasemployedonblades16 through20. A Nicrobraz
coatingwasappliedtothelea~ngedgeandtheentireairfoilsection
wassubsequentlynickelcoated.Theindicatedheattreatment(tableII)
wascombinedwiththeNicrobrazcoatingoperation.

Nicrobrazcoatings:Nicrobrazwasusedto coattheentireairfoil.
sectionsofblades21,22,and23. Again,theindicatedheattreatment_
wascombinedwiththecoatingoperation. ,

Aluminizedblades:Sixaluminizedbladeswereobtainedforthis
investigation,twowerealuminizedby thepackprocessandfourby the
dipprocess.Bothprocessesaluminizedthe.innerheat-transfersurfaces
oftheblades.Thepackprocesswasusedonblades24and25;theblades
werepackedinaluminumoxide,aluminumpowder,andan energizerfor
12hoursat 1800°F.”Blades26through29werealuminizedbythedip
process.Theywerepreheatedina saltfluxat 1320°F for5 minutes,
dippedinmoltenaluminumat 1300°F for30seconds,washedinmolten
saltat 1320°F for30 seconds,aircooled,washed,andheattreatedas
indicatedintablesIIandIII. Theheattreatmentpermittedthedesired
diffusionofthealuminumintothesteel.Filletswereappliedatthe
rootsofblades26through29titeraluminizingtoreducestressconcen-
trationsinthoseregions.Intheprocess,thecoatingsintheadjacent
areasweredsmagedslightly.

Engines.- Severalproductionturbojetenginesweremodifiedto
allowcoolingairtobe suppliedtoeithertwoorfourexperimentaltur--
binerotorblades.Themodificationswereessentiallythosedescribed
inreference1. An adjustabletail-pipenozzlewasusedtoregulate
turbinegastemperatures.Bladecoolingairwassuppliedfroma
compressed-airsystemexternaltotheengine.Effectivegastempera-
turesat theturbinebladesweremeasuredlychromel-alumelthermo- -
couplesburiedintheleadingedgesof standarduncooledbladesata
section2A inchesfromthebladetip. No thermocoupleswereinstalled
on cooled%lades.Detailsofthethermocoupleinstallationaregiven
inreference1.

—
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PROJEDURE

Foran evaluationof theeffectivenessofthevariousprotective
coatings,twotypesof engineoperationhavebeenemployed- constant-
speedandcyclicoperation.Inconstant-speedrunning,theenginewas
operatedatmaximumratedspeed(11,500rpm)withthetail-pipenozzle
adjustedtoobtainan effectivegas(oruncooledblade)temperatureof
1450°F, whichcorrespondstoayproxhatelya 1670°F turbineinletgas
temperature.Cooling-airtemperaturesatthebaseofthebladewere
about180°F. Theseconditionswillhereinafterbe designatedrated
testconditions.Thecoolant-flowratiowassetat thedesiredlevel
onceenginespeedandgastemperaturewereestablished.Conditionswere
thenmaintainedconstantforthedurationof theendurancerun.

y

g

Cyclictestsconsistedofoperationat theratedtestconditions
for15minutesandthenat idlingspeed(4000rpm)for5 minuteswith
no changein eithercooling-airflowcontrolsor tail-pipenozzleposi-
tion. Theenginewasthenacceleratedtoratedspeedandthecycle
repeated.Acceleratinganddeceleratingperiodswereof theorderof
15 seconds.

Blades1, 8,9, 10,andXl,whichwerefirstreportedin.refer-
●

ence9,weresubjectedto cyclicengineoperation.All’otherblades
weresubjectedto steady-speedoperation.TableII indicatesthetype
andamountofrunningtimeaccumulatedon eachblade.,Cyclicoperation
wasfoundtobe verysevereonenginecomponentsandexcessiveamounts
of timewererequiredforenginerepairandmaintenance.Inorderto
expeditetheinvestigationof coatingsthecyclictypeof operationwas
discontinuedinfavorof thesteady-speedrunning.Itwasbelievedthat
thesteady-speedoperationsubjectedthecoatedbladestoa sufficient
numberofrapidtemperaturechangesduringthestartingandshut-down
operationsto demonstratetheabilityofa coatingtowithstandrepeated
thermalshock.

Forflightapplication,themaximumenginespeedforcontinuous
operationis11,000rpm,whileoperationat 31,500rpmislimitedto
haM?-hourperiodsfortake-offorcombat.TheNACAtestspeedwasset
at 11,500rpm. Tail-pipetemperaturesin servicesrelimitedto 1292°F
exceptforstartingandaccelerating;theI?ACA,inmaintaininga constant
uncooledblade(oreffectivegas)temperatureof1450°F, encountered
tail-pipetemperaturesrangingfrom1280°to 1350°F, dependingonsaibient
conditionsandtheconditionoftheequipmentbeingused,with1325°F
beingtypicalofmostoftheoperation.
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Duringthecourseofthecoatinginvestigation,thecoatedblades=
wereoftendsmagedby failureofuncooledbladesorof otherair-cooled
bladesorby someobjectwhichpassedthroughtheturbine.Therewere
instanceswherecoatedbladesfailedinrupturewhilethecoatingwas
ingoodcondition.Suchfailures,whichresultedfromcausesnot
relatedto thecoatings,will.hereinafterbe referredto asmechanical
failures.Inmanycases,thedmnagetothe-experimentalbladewascon=
finedtothetipregionandthemajorportionofthebladecouldbe T-
salvagedandusedforfurther-testing.Whilecentrifugalstresseswere”
reducedandthevibrationalcharacteristicswerechanged,itwasfelt
that,insofaras coatingdurabilitywasconcerned,theresultsfroms’uch
bladeswouldnotbe alteredappreciably.

——,-—
—

-T
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RESULTSANDDISCUSSION

Theresultsofenduranceinvestigationson severaltypesof .
.-

corrosion-resistantcoatingsappliedto air-~ooledturbinebladesof
SAE4130orTimken17-22A(S)steelarereportedintheensuingsection. * -—---Q
andaresumarizedintableII.

●

CersmicCoatings

Fiveceramic-coatedbladeswereendurance-tested.
.

Twocoating
failureswereencounteredandbladefailuresfromcausesnotconnected
withtheircoatingsterminatedthetestsontwoothersbeforeany
significantamountofrunningcouldbe obtained.Thefifthblade
successfullycompleted100hoursofoperationattheratedtestcon-
ditions.

..- ———

Blade1. - Thecoatingonblade1 wasconsidereda failureafter
7.3hoursofratedenginespeedoperation,andinvestigationoftheblade_. .—
wasconcludedattheendofthattime.Figure3(a)showsseveralviews
ofthebladeattheconclusionofthetestsanditcanbe seenthatthe

—

coatingchippedawayfromtheleading-and+jrailing-edgeregionsofthe
blade.Thereisalsoan areaneartherootinthemidchordregionof

. —
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thebladewherethecoatingflakedoff. Thefailureof thecoating
apparentlywasa functionof themetaltemperature,as thegreatestdam-
ageto thecoatingoccurredat theleading-andtrailing-edgeregions
wherethemetaltemperaturesarethehighest(seefig.2). Morecoating
wasremovedfromtheleadingedgethanfromthetrailingedge,probably
becausethehigh-velocitycombustiongasesimpingedirectlyuponthe
leadingedgeandtheirerosiveactionisgreatestinthisarea.

Blade2. - Blade2 wasconsidereda failureafterabout4.7hours
of operation.Inspectionat thistimeindicatedthatthecoatingappar-
entlysoftenedwhenheatedandflowedtowardthebladetipunderthe
influenceof thehighcentrifugalforces.A photographof thisblade
isshowninfigure3(b). Theflowlineswereessentiallyparallelto
thebladebaseovertherelativelycoolmidchordregiononboththepres-
sureandsuctionsurfaces.Intheleading-andtrailing-edgeregions,
whichoperatehotterthanthemidchordregion,theflowlineswerenearly
radialandwereverypronouncedas showninfigure3(b).Baremetalwas
visibleinthevalleysbetweenflowlinesintheleading-andtrailing-
edgeareas.Inasmuchas thebladewasnotheat-treated,therewasno
possibilityof damagefromthissource,anditmustbe assumedthatthe
coatinglackedthenecessaryphysicalpropertiesfortheapplicationin
question.

.
Blade3. - Blade3 wasgivenheattreatment5 of tableIII. This

heattreatmentwasspecifiedandappliedtothebladeby theNACAafter
. correspondencewiththecoatingsupplierrelativeto therestrictions

@osed on theprocessby theceramiccoating.Afterthebladewasheat-
treated,thecoatingwasdiscoloredinscatteredareasandmayhavebeen
damaged.Neverthelessthebladewastestedtoseewhetherthedamage
wouldprogress.After8 hoursof operationthebladewasinspectedand
thecoatingappearedtobe inas goodconditionaswhenthetestbegan.
Operationwascontinuedandat 11.3hoursdamagetothecooling-air
supplysystemresultedin theair-cooledbladeoverheatingandfrac-
turingat a sectionabout1/3spanfromtheroot. Thecoatingonthe
remaining1/3of thebladeappearedtobe inthesameconditionaswhen
thetestbeganexceptforslightevidenceof erosionat theleading
edge.Althoughno definiteconclusionscouldbemaderegardingthedura-
bilityof thiscoating,itappearedpromising.

Blades4 and5. - Blades4 and5 werebothcoatedwiththesane
ceramic,a modifiedNBSA-19typecoating,andweregivenheattreat-
ment1 (tableIII)by thecoatingsupplier.InspectIonofthebladesafter
8.3hoursof operationindicatedthatbothwereinexcellentcondition.
Blade4 failedinfatigueat therootshortlyafterthisinspectionand

d
thetestswerecontinuedwithblade5 only.At approximately20hours
operationa foreignobjectpassedthroughtheturbineandstruckblade5,
withtheresultthata portionof thecoatingalongtheleadingedgeof
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thebladewaschippedoffandbaremetalappearedtobe exposed.Opera-
tionwascontinued,however,andafter34.3hoursthebladewasagain
struckby a foreignobjectanddamagedinaboutthesameareaaspre-
viously.Thisdsmagecanbe seenon theleadingedgeof thebladein~~
figure4(a).Severalsmallerchippedareaswereobservedinthecoating
on theforwardportionof thesuctionsurfacenearthebladetipandcan
alsobe seeninfigure4(a). Investigationofthecoatingwascontinued
untilthebladewasoperatedfor100hoursatratedtestconditions.
Figure4(b)showsthebladeuponcompletion-of100hoursofoperation.

.
--- - .

-.. .. . +.
.

i-..
-—-

..
*

.._

(Thedamtigeto
visibleinthe
mishandlingof
examinationof
indicatedthat
vialedcomplete

thecoatingalongthetrailingedgeof thebladewhichis ‘“ g-..-.—

viewof thepressuresurfaceinfig.4(b)wascausedby”
.- Co

thebladeaftercompletionof.thetests.)Microscopic
N

a sectionthroughthedamage@_areaat theleadingedge
.—

someceramicstillclungtothemetalandapparentlypr6-
.<

corrosionprotectionsinceno corrosioncouldbe observed
.~
—

underthemicroscope.Duringtheinvestigationofblade5 no softening
orflowingofthecoatingwasobserved.No__ghipping‘orflakingother..
thanthatcausedby foreignparticlespassingthroughtheturbine&s
observed.Slightlyraisedmarkingsthatbecameevidenton thesurface

——

of thecoatingafterheattreatingwere stillvisibleafter100hours
ofrunning,indicatingthatthecoatinghadnoterodedtoanygreat
extent.After100hoursofoperationthecoatingwasinexcellentcon-
ditionexceptwhereithadbeenhitandappearedtoprovidecomplete
protectionforthebladeshelleveninthose-areas:Corrosionwwi ‘–
observedon theuncoatedinnersurfacesof~he shellandon thecooling-
airtubesto depthsof0.003to0.005inch.Theseobservationswere
madeintheimmediatevicinityof theleadingedge.

.

..._.—.—_

.—
.——.
..
z—--..——

.—== —
.
..
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Theinvestigationoffiveceramic-coatedturbinebladesindicates
thata ceramiccoatingiscapableofproviwngcorrosionprotectionto -
an air-cooledbladeofSAE4130steelfor100hoursofoperationat

.-.

speedsandtemperaturesequaltoormoreseverethanthoseencountere&
.

atmaximumratedconditionsina present-@”yturbojetengine.Whether
thiscoatingwouldalsoprovidesatisfactoryprotectionforTimken “-
17-22A(S)materialisnotdefinitelyknown;thecoatingsupplierbelieves, _

____ -—

however,thatTimken17-22A(S)canbe successfullycoatedwithperhaps -.

slightmodificationof thecoatingandthe.applicationprocedure.The
—

abilityof thiscoatingtoadhereandprovideprotectionaftersevere : - Z
-

chippingis significantandisa verydesirablecharacteristicfora .—
ceramiccoatingforturbinebladeapplication.

—=
Thecoatingonblade=

appearedtobe promising,althoughtheshortendurancetestgivenhere
.—.

makesfurtherworknecessarybeforedefiniteconclusionscanbe reache=. =
—

Ten
havinga

NickelCoatings i.

nickel-coatedblades(blades6 through15)andfiveblades —-
conibinationofnickelandNicrobrazcoatings(blades16 —-w%

—
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.
through20)were
shellsandeight

.

13

investigated..Sevenof thesebladeshadSAE4130steel
bladeshadshellsofTimken17-22A(S)steel.

B~des 6 through15.- Of thetenbladesthatdependedentirelyon
nickelcoatingforcorrosionprotection,blades6, 8,9, 11,12,14,
and15operatedforsufficientlengthsof timetoobtainsignificant
coatingresults.Blades7,10,and13 failedmechanicallyandinvesti-
gationof thecoatingson thesebladeswasterminatedaftershortperiods
of time,as shownintableII. Thelastinspectionsof thecoatingsof
thesethreebladespriorto theirmechanicalfailureindicatedthecoat-
ingswerestill.ingoodcondition.

Blades6, 8,9, 1.1,12,14,and15wereoperatedatratedtestcon-
ditionsforperiodsof timerangingfromabout11.5hourstoasmuchas
25hoursbeforethecoatingswereconsideredfailures.Thefailuresof
thenickelcoatingswereallsimilar,thatis,thenickelbegantoblis-
terandchipawayfromtheleading-andtrailing-edgeregionsof the
bladesas showninfigure5(a). As operationof thebladeswascon-
tinued,corrosionof theparentmetalintheleadingandtrailingedges
occurredandthenickelcoatingalsobegantofailin themidchord
regionof theblade.Thecoatingsgenerallybegantofailfirstin the
tipregionof thebladeafterabout11 to 15hoursof ratedenginespeed
operation.8 Temperatureandcentrifugalforcearebothfactorsin the
breakdownof thecoating.Failureusuallyprogressedrapidlyalongthe
leadingedgeof theblade,whereerosionalsoseemedtobe a factorin

. removalof thecoating.A bladethatexhibitedextensiveerosionand
corrosionat theleadingedgeisshowninfigure5(b),whichisa photo-
graphofblade6 at thecompletionof 44hoursatratedtestconditions.
Thefailureof thecoatingalongthetrailingedgewasgenerallyless
extensivethanthatat theleadingedge,probablybecausethescouring
actionof theconibustiongasesisnotso greatin thisregion.Also,
trailing-edgetemperaturesaresomewhatlowerthanthoseat theleading
edge.Thetemperaturelevelof thebladematerialinfluencesthelife
of thenickelcoating;failureof thecoatingin thecoolermidchord
regionwasmuchmoreinfrequentthanat theleadingandtrailingedges
(seefig.2). Frequently,no evidenceof failurewasobservedin the
midchordregion.Thelowertemperatureapparentlyenablesthenickel
toadhereandprovidethenecessarycorrosionresistance.

Blades16 through20.- Becauseinvestigationofblades6 through
15 indicatedthatthenickelcoatinggenerallyfailedinitiallyin the
leading-edgeregionandthatthisfailureappearedtobe causedbycor-
rosionanderosion,itwasthoughtthata corrosion-resistantmaterial,
harderthannickel,shouldbeappliedtotheleadingedgeof theblade.
Thebalanceof thebladesurface(exceptperhapsthetrailingedge)mightd
thenbe adequatelyprotectedbya nickelcoating.Fivesuchblades
(blades16 through20)wereprepared.A Nicrobrazcoatingwasfirst

—

. appliedtotheleading-edgeregionof thebladesas describedin the .-
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PFWEDUREsectionof thisreport.me blad& werethennickel-coated,
andinthismannertheNicrobrazformedanundercoatforthenickel .
alongtheleadingedge.

Blades17 and18 failedinfatigueat thebladerootafter11.4
and23.7hoursofoperation,respectively..~e coatingswereingood
conditionat theinspectionspriorto thetimeofthefatiguefailures.
Blade19wasdamagedbeyondrepairby fragmentsfroma failedblade
after25.6hoursof operation.Thecoatingon thisblade.hadshownev~~
denceof slightflakingin themidchordregionnearthetip,butthe
coatingon therest-ofthebladewasingoodconditionpriorto thetfi-e
thebladewasdamaged.Blades16and20weti=operatedsuccessfullyfor_
101.2and.100hours,respectively.Thecoatingonblade16wasingood
conditionexceptforscalingof thenickelo_ntherearthirdof thesuc-
tionsurface.No corrosionof theblademetalwasapparentinthisarea.
At theendof100hoursof operationonblade20thecoatingwasin
excellentconditionexceptfora smallareaonthepressuresurfacenear
thetrailingedgewherethecoatinghadbeguntoflakeoff(fig.6). No
corrosionof theparentmetalwasobserved.In theleading-edgeregion
nearthetipon thesuctionsurfaceofblade20thereappearedtobe. __
severalsmallareaswherethenickelhadflakedaway. Thisdsmagewas..
causedby foreignparticlespassingthrough.$heenginewhichstruckthe-
bladeintheleading-edgeregionwheretherewasa Nicrobrazundercoat,
and,althoughthenickelchippedaway,theNicrobrazprotectedtheparent
metal.Theadherenceof thenickelto theNicrobrazappearedtoelim-
inateflakingofthenickelandenabledit tQ protecttheblade.The _.
underlying”Nicrobraz,whilecapableofprovi~ngprotection,wasnot
calleduponto dosoexceptwherethenickel_.waschip~e,da~y by foreign
particlesstrikingtheblade. —

Duringtheinvestigationofthefivenickel-coatedbladeshaving
Nicrobrazundercoatat theleadingedges,noneof thetestsweretermi-
natedbecauseof coatingfailure.Adherenceof thenickeloverthe
entirebladeappearedtobe betterinthisgroupofbladesthanintho~e
previouslyemployed.Blades16 through20had shellsofTimken17-22A(S)
steel;whilethepreviousgroup,withtheexceptionofblades7 and8,.

—
—
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hadshellsof SAE4130steel(seetableII). Basedsolelyon observa-
tionof theseblades,itappearsthatthea~erenceofnickel,when
appliedin themannerpreviouslydescribed,isgreatertoTimken17-22A(S)
steelthantoSAE4130steel. .-

NicrobrazCoatings

Blades21,22,and23.- Becauseof thesuccessobtainedinusing
Nicrobrazasanundercoatfornickel,itwasbelievedthata completely

—
—

-

~ -=
-.

.
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Nicrobraz-coatedblademightoperatesuccessfully.Furthermore,the
easewithwhicha Nicrobrazcoatingcanbe appliedandthefactthat
itsapplicationcanbe combinedwithotherbrazingoperationsduring
bladefabricationmadetheNfcrobrazcoatingappeardesirable.Con-
sequently,blades21,22,and23wereNicrobraz-coated.

Blade21 successfullycompleted100hoursofoperationat rated.
testconditionswitha coolant-flowratioof 0.048butfailedmechan-
icallyafteran additional1.2hoursof operationat a flowratioof
0.03.TheNicrobrazcoatingwasinexcellentconditionafter100hours
andshowedno evidenceof impendingfailure.Blades22and23were
operatedfor31.5and5.9hours,respectively.Bothbladesfailedin
fatigueat thebladeroot. Priorto failurethecoatingsonbothblades
wereinexcellentcondition.

ThisinvestigationindicatesthatNicrobrazcoatingsprovidegood
corrosionanderosionprotectionforTimken17-22A(S)steel.It iS

believedthatNicrobrazwouldoffersimilarprotectionto SAX4130steel.
Nicrobrazpossessesstrongalloyingcharacteristicsandmaypenetrate
theparentmetalto somedegree;itseffecton thefatiguestrengthof
thebladeshellremainstobe determined.

.
AluminizedCoatings

. Blades24and25.- Blades24and25werealuminizedby thepack
process.Blade24 successfullycompleted100hoursof operationandthe
aluminizedcoatingwasinexcellentconditionat thecompletionofrun-
ning. Slighterosionof theleading-edgesurfacewasnoted,butitwas
notextensiveandno evidenceof corrosionwasobserved.Themidchord
andtrailing-edgeregionsof thebladeshowedno evidencesof erosion
or corrosion.Blade25failedstructurallyafter8 hoursof operation;
thebladesurfacewasin excellentconditionuntilthattime.

Thesuctionsurfaceofblade24wasstruckby fragmentsof a failed
bladeafter50hoursof operationanda numberof shallowscratches
resulted(seefig.7(a)).Thealuminizedlayerwassufficientlytough
towithstandtheimpactandno damagewassustainedotherthanthe
scratchesthemselves.Uponfurtherrunningthescratchesdisappeared
andwerepresumablyfilledinby iron-aluminumcompoundsfromtheadja-
centsurfaces.Thesurfaceof thebladeafteran additional50hoursof
operationshowedno tracesof thedamage(seefig.7(b)).

Thesurfacesofblades24and25wereconsiderably
aluminizingthantheywerepriortobeingcoated.This.
notchangewithoperatingtime. Thissurfaceroughness
bladesaluminizedbythepackprocess.

rougherafter
roughnessdid
istypicalof
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Beforeoperationthecolorofthebladesurfacewasdeepgray.
Afteroperation,blade24exhibiteda reddishcoloralongtheleading
edge,overmostof thesuctionsurface,andoverabout20percentof
thepressuresurface.Thischangeincolorisapparentlytypicaland ..
istheresultof theformationof complexiron-aluminumoxideswhich
providea protective,adherentrefractorycoatingon thesurfaceof
aluminizedsteels(ref.14).

Blades26 through29.- Blades26through29werealuminizedby
thedipprocess;a= thebladeswereoperatedsuccessfullyfora minimum
of100hoursatratedtestconditionsas shownintableII. Blades26
and27wereoperatedfor124.4hours.Thecoatingso?alltheblades
wereinexcellentconditionat theconclusionof thetests.Allthe .
bladesof thisgroupweredamagedduringthejcourseof theinvestigation
by severalmechanicalfailures;inordertocontinueinvestigationof
thecoatingsthetipsof thebladesweregroundoff. Thebladeswere,,,
thereforeshorterthannormal,particularlyblades26,27,and28,as
showninfigure8. Theshorteningofthebladesresultedinlower
stressesinthebladesshells,butthiswouldnotbe expectedtoaffect
thelifeof thecoatingsappreciably.Anypossibleweakeningof the
parentmetalas a resultof thealuminizingtreatmentwould,of coursel
notshowup soreadily.

Thesurfacesof thebladesthatwerealuminizedbythedipprocess
wereonlyslightlyrougherafteraluminizirv..thanbeforebeingcoated~_..
andthesurfacesof thisgroupofbladeswereconsiderablysmootherthan
thosealuminizedbythepackprocess.Afteraluminizingthecolorofthe
bladesurfaceswasa deepgrey.Duringoperation.thebladesurfaces
developeda reddish-orangecolorovermostof theblade.Thiswassim-
ilartothecolorobservedonblades24and25.

Figure8(a)showsthesuctionsurfacesofblades26,27,and28
earlyin theinvestigationandofblade29priortooperation.Fig-
ure8(b)showsboththepressureandsuctionsurfacesof thebladesat
thecompletionof theinvestigation.Comparisonof thesuctionsurfaces
showninfigures8(a)and8(b)indicatesthattherewaslittlechangein
theconditionofthecoatingon theblades,leventhoughtheblades..of__
figure8(b)haveabout100hoursmoreoperatingtimethaninfigure8(a).
Withoneexception,theentiresurfaceof eachbladeincludingthe
leading-andtrailing-edgeregions,whichwe~ethefirsttoexhibit
failureson theceramicandnickelcoatings,wasinexcellentconditioti”
at thecompletionof thetests.Surfacescratchesandabrasionsshowed
no tendencytoprogressandno corrosiondevelopedinthemas theinvesti- _ ~
gationcontinued.Thetipregionsofblades26md 27weredamagedwhen
struckby fragmentsofanotherblade,butthealuminizedcoatingscon-

—
2=

tinuedtoprotectthesurroundingareas.No..corrasionwasevidentexcelt.___– _
onblade27,wherethemetalwasactuallytornandthebaresteelwas
exposedto theactionof thegases.

=
e..-
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Theoneexceptionto thegeneralexcellentconditionof theblade
surfaceswasalongtheleadingedgeofbh”de28,whereseveralshort,
finecrackswerevisibletotheunaidedeye. Thesurfacesfromthelead-
ingedgeas farbackas thefirstcooling-airtubewerea differentcolor
fromtherestof theblade,beinga muddygraywithoutredor orange
tingesnotedelsewhereon thesamebladeandon theotherbladesof this
group,includingtheleadingedges.Examinationshowedthatthecooling
passagealongtheleadingedgehadbeenalmostcompletelyblockedby
loosescale,presumablyfromtheexternalcooling-airsystem,whichhad
wedgedintoa restrictedregionat thebladeroot. Completeblockage
wouldhavegivena leading-edgetemperatureof theorderof 1400°F.
Microscopicexaminationof sectionsalongtheleadingedgeandat90°to
theleadingedgeabout1.8inchesfromthebladebasebroughtoutthe
followingfacts:TheTimken17-22A(S)steelintheleading-edgeregion
of thebladeshellhadsoftenedbecauseof itshighertemperature;the
hardnessneartheleadingedgewaslessthanRockwellC-10as contrasted
withRockwellC-28intheregionoppositethefirstcoolingtube. The
coatingat theleadingedgeshoweda RockwellC-19hardnessas compared
witha C-28hardnessoppositethefirstcooling-airtube.Thealuminized
layercontaineda seriesof finecracksovertheentiresection.Inthe
coolerregionnearthecooling-airtubes,thesewerehairlinecracks
whichdidnotpenetratethecoatings;neartheleadingedgetheyoccurred
withaboutthesamefrequencybutwereheavierandsometimespenetrated
thealuminizedlayer.Whenthecoatingwaspenetrated,a corrodedregion
mushroomedoutfromthecrackintotheunderlyingsteel.At thesection
examinedthecoatingwasthickerontheinsidethanontheexteriorof
thebladeshell;possiblythegreatererosiveactionof theexhaust
gasesaccountsforthiseffect.TheSAE1020steelcooling-airtubesof
blade28werealuminizedalmostcompletelythrough;thealuminumpene-
tratedallexcepta 0.001-to0.0015-inch-thickregioninthecenterof
thetubewall.

me coatingsintherootregionsof thisgroupofbladeswererough
andtheblades.themselvesappeartobe damaged.Thisconditionarose
whenthefilletswereappliedatthebladerootssubsequenttothealumi-
nizingoperation.Theaffectedareasdidnotincreaseinsizeas the
enduranceoperationprogressedandthebladeshellswereprotectedade-
quately.Withinthefilletedareaitself,however,the”shellofblade28
wasdamaged,presumablyduringthefilletingprocess,andcracksdeveloped
titer118hoursofoperation;reducingthebladelengthby cuttingoff
damagedportionsneerthetipundoubtedlyforestalledanearlybladefail-
ureinthiscase.

Theworkwithaluminizedbladesindicatesthataluminizingisa
satisfactorymethodofprotectingTimken17-22A(S)turbinebladesin
present-dayturbojetenginesatmaximumratedconditionswithbladetem-
peraturesup to1200°F. Undertheconditionsofoperation,thecoating
apparentlybreaksdownatmetaltemperatures
14-00°F.

-

betweeu1200°&d about -
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GeneralComments

Ithasbeendemonstratedthatair-cooled

NACARM E53E18

turbinebladesofnonstra-
tegicsteelscanbe successfullyoperatedina turbo~etenginefor
extendedperiodsoftimewithreasonablecooling-airflowrateswhenpro-
tectedbyceramic,nickel-Nicrobraz,Nicrobraz,oraluminizedcoatings.
Itisbelieved,however,thatmoreresearchisrequiredbeforeanyof
theseprotectivecoatingscanbe s??ecificallY.reco~endedforservice.
useina turbojetengine.

Theendurancelifeofa nonstrategicturbinebladedependsnotonly
on thedurabilityof thecoatingbutalsoon__thefatiguestre~th~creeyJ
andstress-rupturepropertiesof theparent_~terialat elevatedtempera-
tures.Theeffectsof thevariouscoatingsonthesepropertiesare.no{”
entirelyknownat thepresenttime. m.-

Thedepthofpenetrationof ceramiccoatingsintotheparentmetal
isbarelymeasurableand,it isbelievedat thistime,canbe neglected”
insofaras anyeffecton thestreuthpropertiesof thebladeiscon--
cerned.Thelimitationsthata givenceramiccoatingmayimposeupon
theheattreatmentof a steelarean importantconsideration,however.
Themechanicalfailureofblades1 and10can”beattributedto the
absenceofheattreatment(seeremarksoftableII). Fromtheltiited
e~erienceattainedwiththeceramic-coatedbladesofthisinvestigation,
itappearstobe desirabletousea coati~.@osefiring!ernperatureis_...
aboutthesameasorlowerthanthatofthedesirednormalizing”tempera:
ture,sothattheheat-treatandfiringoperationscanbe combined.T&i.s
isnotonlyconvenient,butmaybe necessarytoavoiddetrimentaleffects
totheceramiccoatingthatmayresultwhentheheattreatmentisa.sub-
sequentoperationor tothemetalproperties-whentheceramicisfired_
afterthebladeisheattreated.

Thenickelcoatingonbladeshavingnickelornickel-Nicrobraz
coatingsdoesnotpenetratetheparentmetalsignificantlyandwould
notbe expectedtoinfluencethestrengthor,creeppropertiesof the
bladeshell.

Nicrobrazalloysreadilywithsteelsandundoubtedlyaffectstheir
stress-ruptureandfatigueproperties.However,suchdataarenotava+l-
able. It isbelievedthatthehighpercenta&e_of.fatiguefailureson .
blades16 through23wasduetofabricationtechniquesratherthandetr~-
mentaleffectsoftheNicrobrazonthemetalof thebladeshells.

Whenbladesarealuminizedtheymustbe heatedto1500°F orhigher
forseveralhoursinorderto diffusethealuminumproperly.Inthe
caseofSAE4130andTimken17-22A(S)steels,extendedheatingat tem-
peraturesaboveabout1750°F mayadversely-affecttheirstrengths.
Aluminizedsteel,ofcourse,hasa layerof iron-aluminumalloYat the
surface.Whateffect,ifany,thisalloylayermayhaveuponthe
strengthofthesteel,particularlyinthin
shellsof turbineblades,isnotknown.

wallssuchas usedin the .,

_.
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It isobviousthatbeforeanycoatingcanbe recommendedforservice
useitseffectson thephysicalpropertiesof theblademetalmustbe

. known.

Theimportanceofprovidingprotectionovertheinteriorsurfaces
of thebladeswasbroughtoutina numberof casesduringthisinvesti-
gation.Corrosionwasnotedonthemildsteelcooling-airtubesof
bladesafterthreeor fourdaysexposureto theatmosphere,evenwhen
thosebladeshadnotbeenoperated.inan engine.After100hoursof

~ operation,corrosiontoa depthabout0.005inchwasnotedintheleading-
“ edgeregionofblade5 on theuncoatedinnersurface;inthinshellsof
air-cooledblades,corrosionto thisdepthwillhaveanappreciable
effecton thestrengthof theblade.Inmoredestructiveatmospheres,
suchas encounteredincarrier-basedoperations,corrosionwillbe more
severeandtheneedforprotectioncorrespondinglygreater.

SUMMARYOFRESULT’S

Theresultsof an experimentalinvestigationto determinethedura-
bilityof severalprotectivecoatingsappliedtononstrategicair-cooled
turbinebladeswhichwereoperatedina twbojetengineareasfollows:

. 1. Satisfactoryprotectionof thebladeswasprovidedbyceramic,
nickel-Nicrobraz,Nicrobraz,andaluminizedcoatings.Eachof these
coatingsindicatedthatitwouldgivesatisfactorycorrosionanderosion.
protectionto theturbinebladesfor100hoursofmaximumratedengine
speedoperationwithcoolant-flowratiosin therangeof 0.030to0.048.
However,theadherenceofthenickelwaserraticandunpredictable.

2.Bladesaluminizedby thepackandby thedip-and-diffusionpro-
cessesgaveexcellentprotectionagainstoxidattonandcorrosion.All
thealuminizedblades(exceptonethatfailedmechanically)operatedfor
atleast100hours.Twobladeswererunfor124.4hoursandwerein
excellentconditionwhenthetestswereterminated.

3. Oneceramiccoating(amodifiedNBSA-19ceramic)provided
exceXlentservice.Thiscoating,althoughseeminglychippedcompletely
throughincertainregionsby foreignpsrticlesstrikingtheblade,was
sufficientlyafierentto leavea thinfilmwhichgavesatisfactorypro-
tectionto theunderlyingmetaloveranextendedperiodofoperation.

4.Chemicallydepositednickelcoatingswerefoundtorequirean
undercoatingof sometypeattheleadingedgeofthebladeinorderto
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preventflakingandfailureofthenickelinthisregionof theblade.
A Nicrobrazundercoatprovideda satisfactorybaseforthenickelat the
leadingedge.Bladeshavinga Nicrobrazundercoatat theleadingedge
anda chemicallyd@positednick”elcoatingovertheentirebladesurface-
gaveadequateprotectionfor100hoursofratedenginespeedoperation.
However,thenickelcoatingsinthisinvestigationwereerraticinsofar
asadherencewasconcernedandoftenfailedinmuchshorterperiods.

5.Nicrobrazcoatingsappliedto theleading edge or to theentire
bladesurfaceexhibitedverysatisfactorycoricosion-resistantproperties.

6.AluminumandNicrobrazalloywithanduntkmbtedlyaffecttosome
extentthefatiguestrengthandstress-to-rupture‘pro~ertiesof the .,..
metalstowhichtheyareapplied.Applicatig_nof thealuminumorNicro-
brazcoatingsmayresultinoverheatingtheparentmetalpriortoheat
treatment.Theeffectsof thesevariousfactorson thestrengthof the
bladeshell.arenotknownat thepresenttime,buttheyshouldbe evalu-
atedbeforeanyprotectivec“oatingisconsideredforserviceuse.

7.In-viewof-theinsignificantyenetra~ion.of._ceramiccoatings
intothemetalshell,itis.believedthatthemetalpropertiesarenot__
affectedappreciably.However,thefiringt~eratureof.theceramic..
andtheheattreatmentofthemetalmustbe carefullycorrelatedtoavoid
damageto eithertheceramicor themetal.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,April14,1953 .
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TABLEI. - COMPOSITIONOFACID-NICKELSOLUTIONSUSED

FORNICKELCOATINGTURBINEBLADESa

Solution

I II

Nickelchloride,NiC12”6H20,g/liter 30 --

Nickelsulfate,NiS04S7H20,g/liter -- 30

Sodiumhypophosphite,NaH2P02-H20,g/liter 10 10

SoMum hydroxyacetate,NaC2H303,g/liter 10 --

SOdiUmacetate,NaC2H302”3H20,g/liter -- 10

PH 4t06 4t06

/Rateof deposition,in.hr o●0005 0.001

aInformationfromtable3 ofreference11. v
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TABLEIII. - ~T mTMENT8 APPLIEDTOA~-COOIXDTUR8~ BLADES– — “ –

[Allnormalizingwasdoneinan inertatmosphere.]

——

.—.—

2

7

~eat-treatment Heat-treatmentprocedure
number

SAE4130steelblades

1 Normalizeat1600°F for30-rninutes;aircooltoroom
temperature.Drawat100Q”F for15minutes;air
cooltoroomtemperature..1 ..=.—

Heatin1800°F saltbathfor15minutesfouc)wedby ““

isothermalquenchin1000°F saltbath;holdfor
15minutes.Aircooltoroomtemperature.

3 He%tin2000°F saltbathfw”15minutesfollowedby“-
isothermalquenchin1000?_._Fsaltbath;holdfor
15minutes.Aircooltoroomtemperature.

Timken17-22A(S)steelblades
4 Normalizeat1725°F for30%iinutes;aircooltoroom .

temperature.Drawat1225°F for6 hours;aircool
toroomtemperature. — —

5 Normalizeat 1750°F for30‘tinutes,cooltoroom
temperatureinnitrogenblast.Drawat1225°F for
4 hours;coolinnitrogenblast.

6 Heatin1800°F saltbathfor15minutesfol.lowedby
isothermalquenchin1200°T saltbath;holdfor
15minutes.Aircooltor~omtemperature.

Normalizeat 2075°F for15%inutesfollowedbycooli~-
inhydrogenatmos~hereatrateequivalenttoaircool-.
Drawat1225°F for4 hoursfollowedby aircoolto ‘-
roomtemperature.

.

—
.

.-

. ..— ._
—

.
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(a)Formed-shellbladetithprofilel!..

.

(b)Fonued-shellbladewith~ofileBi

.. ....- .--— -—

-—.-— . . —. — ~———------ ..-. . . . . . =!5=
.

.

(c)Cast-shellbladewithprofileC.

Figure1.-Crosssect~ona& experimentalblades.
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(8) Blade lafter7.5houre (20.7GlespluE Z.3 houreat rated teat oo~t,l~) with cools.nt-fm

ratio of 0.048. ccmpl.de b~ of czmt~ along leadlrg and treilllng edgee evident.

F@re 3. - T&ical cerardo-cimt~ ~fallweB.

i! t
.

● 0!382 ● x,.
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(b) Blade2 after 4.8hours at rated teet conditions with coolant-
flowratioof0.048.CoatingsoftenedEndflowedtowardtip.

Figure3.- Concluded..Typioaloeramic-ooat~failures.
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c-32339

(.) Bla& 5 after 34.3 hours at rated teet comiiti.ms with ooelfmt-flw ratio of 0.046. CMt* h exaellcmt LxuMlticm [

except where &m+@ by foreign ob &cts atiild.ng blade.
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Figure 4. - C.gi.emit-otxited bliitle5.
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(b) Blade 5 d’ter 100 houre at rated test w

~ti *TO hit by fOrCJl@Iobjeota.

Figure 4

‘ s (2X-5 088?. * ,

c-szis40

Ilaltlons Ultb CaOlent-flw mtio C& 0.048. Coating In exoellent ocmdltion

. - Concluded. Ceramic-coated blade 5.
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(a) Blade12after ”55.3 hours at rated test oondi.tlonstith coolant-fluw ratio of .

0.03to 0.048.Coatingcompletel? ercdedawayet-Iead~edgeandblisteredand
flakedh soatteredareaeoverentireblade.‘-

.=-. ——.=

Figure5.-Typloalnlokel-ooatlngfailures. .—



~CA RM E53E18

&

&

.

.

—
--===”*,a. .

Corroded
area

—. --.–-——

35

=?3=’
C-32342

(b) Blade6after44hoursatratedtea%condltlcmswithcoolant-flowratioof
0.048.Coat-chippedanderodedonleadingedgeanierodedalongtrailing
edge.Lead*edgeoorrodeaneartIp.

Figure5.-Conoluded.Typicalnickel-oati~failures.
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I Ptiure6. - Nlokal-caated blade 20 with Nicrobraz along leadbg edge.
dth Oooknt-flw ratio of 0.048.

Blade after 102 hours at rated teat ocmd.ltians
leadlng edge end midohcad raglcm h excellent omxl,ition.
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Pressuresurface C-32344

(a) Blade fir 50 houm at rnted teat oond.itionswith coolant-flow mtio IX’0.048. BlaAe 8UJ?fa08B h ~l~llt

c.cudltlm except where hit by fomigu Furtlclm?.

I’igure 7. - Aleminked blmle 24.
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(b) Blade Wter 100 hours at rated test adltiorm with Uc&lant-fl.w mtio cK 0.048. SwSaoes h ExcOumlt 00Iditial.
~Vi0U81Y &amM8d amaB ehmm cu fi8w13 7(a) Idistiwuishablm fmm adJo~ S@a=.

F@&e ‘7.- Conclded. Alknlzed blade 24.
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~Coatlng damagedduring applioatlonoffil.lets~
---

,,
, :,

,, ,-
,.I ., “,”lRllum :’=’,., .——.

1, 1 Suction surface ., . . .,
.,

(a) Bbde8durlw ear~stages ofemlumnoe rmmlngviti .oolamt-flcmmtloae 0.03. Timsonbladm 261Mu3 .27,23.8 bourB;
on blmie 28, 16.1 homa; on blda 29, m time. Surfaoe.9h emellent oOz@lticm.

l?l@re 8. - Alumlnizd bladm 26, 27, 26, and 29.



Suctionsurfacs

c-32347
~
r Preamre surfaoe
= “(i) Blxdes at Cmclusicm 02 enawanc e ~ vith a ODOLmt-fkw mtio d 0.02. Tim m blmkm 26 and 27, 124.4 hOW4;

ii m blade 28, 118.7 hours; ~ b~e 29, KIO.6 ho~. S@aoes ~ e~ell~t c~~tlon.
I

Flgwe 8. - CoMl@ea. Alumhized blades 26, 27, 28, 81xI29.
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